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ABSTRACT 


Xtend is a soft X-ray imaging telescope developed for the X-Ray Imaging and Spectroscopy Mission (XRISM). 
XRISM is scheduled to be launched in the Japanese fiscal year 2022. Xtend consists of the Soft X-ray 
Imager (SXI), an X-ray CCD camera, and the X-ray Mirror Assembly (XMA), a thin-foil-nested conically 
approximated Wolter-I optics. The SXI uses the P-channel, back-illuminated type CCD with an imaging area 
size of 31 mm on a side. The four CCD chips are arranged in a 2x2 grid and can be cooled down to —120 °C 
with a single-stage Stirling cooler. The XMA nests thin aluminum foils coated with gold in a confocal way 
with an outer diameter of 45 cm. A pre-collimator is installed in front of the X-ray mirror for the reduction 
of the stray light. Combining the SXI and XMA with a focal length of 5.6m, a field of view of 38’ x 38’ over 
the energy range from 0.4 to 13 keV is realized. We have completed the fabrication of the flight model of both 
SXI and XMA. The performance verification has been successfully conducted in a series of sub-system level 
tests. We also carried out on-ground calibration measurements and the data analysis is ongoing. 
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1. INTRODUCTION 


X-Ray Imaging and Spectroscopy Mission (XRISM) is the Japan’s seventh X-ray astronomy mission and aimed 
at recovering one of the key scientific goals of the previous Hitomi mission, focusing only on the imaging and 
spectroscopy in the soft X-ray band.t? XRISM is developed in the international collaboration of JAXA, 
NASA, ESA, and other institutes, and its launch is scheduled in the Japanese fiscal year 2022 on a JAXA 
H-IIA rocket. XRISM carries two telescopes, Xtend*® and Resolve.* Xtend is a soft X-ray “imaging” telescope, 
while Resolve is a soft X-ray “spectroscopy” telescope. Each of them consists of an X-ray Mirror Assembly 
(XMA),° a thin-foil-nested conically approximated Wolter-I optics, and a focal plane detector with a focal 
length of 5.6 m. The focal plane detector of Xtend is the Soft X-ray Imager (SXT), an X-ray CCD camera,° 
while that of Resolve is an X-ray micro-calorimeter. Fig. 1 shows X-ray images of the Perseus Cluster and 
its central radio galaxy NGC 1275 taken with the Hitomi CCD camera and micro-calorimeter. Since the 
instrument design of XRISM are basically the same as those flown on Hitomi, this figure demonstrates the 
imaging capability of XRISM. The large field of view (FoV) of 38’ x 38’ realized by Xtend encompasses the 
3’ x 3’ FoV of Resolve in its center. The finer pixel size of 1”74 of Xtend compared to that of 30” of Resolve 
well over-samples the point spread function of the XMA with an angular resolution of 17 and provides more 
detailed spatial information. On the other hand, Resolve realizes an unprecedented energy resolution of 7 eV 
in FWHM and will revolutionize our understanding of the X-ray Universe. Xtend and Resolve have their own 
characteristics in imaging and spectroscopy, respectively, and play complementary roles in XRISM. 


Xtend’s SXI employs a new type of P-channel back-illuminated type CCD with a thick depletion layer 
of 200 ym," ® following the Hitomi CCD camera.!? Japan’s fifth X-ray astronomy mission, Suzaku carried 
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four CCD cameras, one of which used a back-illuminated type CCD with a depletion layer thickness of about 
40 pm.'! Fig. 2 shows X-ray spectra of G21.5—0.9 taken with the Hitomi and the Suzaku CCD cameras,!?:'% 
indicating the power of the thicker depletion layer of the CCD employed by the Hitomi X-ray CCD camera and 
also the Xtend’s SXI. The thick depletion layer is effective also in the reduction of the non X-ray background 
(NXB) level above 6 keV.'* Xtend’s XMA and Hitomi X-ray mirror follow the concept of the Suzaku X-ray 
mirror,’° nesting thin aluminum foils coated with gold with a pre-collimator for the reduction of the stray 
light. However, XMA’s enlargement in the outer diameter from 40 cm to 45 cm with the longer focal length 
leads to the increase of the effective area by a factor of ~1.5.1° The high detection efficiency and low NXB 
level of the SXI and the large effective area of the XMA, in addition to the imagining capability described 
above, characterize the Xtend as a science instrument onboard XRISM.*:® 
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Figure 1. X-ray images of the Perseus Cluster (left) and ] a 3 19 Po 
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Figure 3. Photographs of the flight models of the SXI camera body (left) and XMA (right). 


We have completed the fabrication of the flight models of both SXI and XMA as shown in Fig. 3. The 
performance verification has been successfully conducted in a series of sub-system level tests. We also carried 
out on-ground calibration measurements. In this paper, we report the current status of Xtend and describe 
the performances of the sub-system tests and calibration measurements, focusing on the SXI. The calibration 
studies of the XMA are presented elsewhere.!™ 19 CCD spectra shown below are all made with grade 0, 2, 3, 
4, and 6 events unless otherwise indicated. The confidence level of uncertainties attached is 68% throughout 


this paper. 


2. XTEND OVERVIEW 
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Figure 4. Block diagram of the SXI system. Red, blue, black, and purple lines indicate power supply, analog signal, 
digital signal, and SpaceWire connections, respectively. 


The overall designs of the SXI and XMA are basically identical to those of the Hitomi X-ray CCD camera 
and X-ray mirror, respectively. Fig. 4 shows the block diagram of the SXI system. The SXI consists of four 
major components: SXI-S, SXI-PE, SXI-DE, and SXI-CD. The detailed descriptions of each component and 
the changes in the CCD camera system from Hitomi to XRISM are given in Ref.10 and 6, respectively. We 
here provide a short summary of the SXI system. SXI-S is a sensor part and consists of a camera body, 
front-end electronics, and a single-stage Stirling cooler (1ST in Fig. 4). Four CCDs, arranged in a 2x2 grid, 
are installed in the camera body with video boards. Although the SXI system is designed to be capable of 
cooling CCDs down to —120°C with the Stirling cooler, we plan to operate the SXI with a CCD temperature 
of —110°C at least in the first years after the launch. Two °°Fe radioisotopes are also installed for calibration 
purpose. SXI-PE is the pixel processing electronics which processes the CCD signals from the video board and 
provide the timing signals of the CCD clocks to the driver board. Each of the two mission I/O boards equipped 
with FPGAs is responsible for a pair of two CCDs. SXI-DE is the digital electronics which further processes 
the CCD data based on the information processed by SXI-PE and compiles X-ray event data. SXI-DE also 
controls the entire SXI system except for the Stirling cooler, which is operated by the cooler driver, SXI-CD. 


The CCDs were manufactured by Hamamatsu Photonics K.K. as in the case of Hitomi.‘° Tab. 1 sum- 
marizes the specifications of the XRISM CCD, Pch-NeXT4A. Please note that physical and logical values 
refer to those before and after on-chip 2x2 binning, respectively. Figures and plots in the following sections 
are all made in the unit of the logical value. One CCD has four readout nodes, two of which are used to 
simultaneously read out two halves of the imaging area. Therefore, two “segments” per CCD are taken in a 
frame cycle. Although most items shown in Tab. 1 are the same as those of the Hitomi CCD, Pch-NeXT4, 
we introduced two major changes on the CCD structure.® One is to add another aluminum layer on the 
top of the originally existing aluminum layer, resulting in a 100 nm + 100 nm thick aluminum coat, and to 
insert an extra aluminum layer under the electrode layer for the sake of the secure reduction of visible and 
infrared light leaks.?° The other is to employ a notch structure, which is a narrow implant in the CCD channel 
confining a charge packet to a fraction of the pixel volume to reduce the charge transfer inefficiency (CTI).?! 
We also changed the screening criteria of flight candidate CCDs before shipment from the manufacturer?* and 
successfully excluded ones with the CTI anomaly observed in the Hitomi CCDs.'° 


Table 1. Specifications and nominal operation parameters of the SXI CCD 


CCD Specification Architecture 
Imaging area size 


Pixel format (physical/logical) 


Frame transfer 
30.720 mm x 30.720 mm 
1280 x 1280 / 640 x 640 


Pixel size (physical/logical) 24um x 24um / 48um x 48um 


Depletion layer thickness 200 um 
Incident surface layer (back side) | 100 nm + 100 nm thick Aluminum coat 
Readout nodes (equipped/used) | 4 / 2 
Operation parameters | Frame cycle 4 seconds 
On-chip binning 2x2 


Charge injection every 160 physical rows 
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angle for the stray light component at 1 keV in three cases: 
no change from Hitomi (black), adding Primary #0 (red), 
and adding Primary #0 and Blade #0 (green). The inset 
shows where Primary #0 and Blade #0 are inserted. 


Figure 5. Schematic drawing of the XMA. 


Fig. 5 shows schematic drawings of the XMA. The XMA conically approximates Wolter-I grazing incidence 
optics. The effective diameter ranges from 116 to 450 mm. Each of the primary and secondary stages nests 
203 reflectors. A reflector consists of an aluminum substrate with epoxy-replicated gold smooth surface for 
enhanced X-ray reflection. The thickness and height are 0.15-0.3 mm and 101.6 mm, respectively. The pre- 
collimator, placed in front of the primary stage for the reduction of the stray light, contains co-axially nested 
cylindrical aluminum blades arranged right above reflectors. A thermal shield is attached on the top of the 
pre-collimator to stabilize the thermal condition of the XMA. Although this design follows that of the Hitomi 
X-ray mirror, a change to reduce the amount of the stray light at large off-axis angles is introduced. Fig. 6 
shows the idea of this change and its effect. In the Hitomi X-ray mirror design, the innermost reflector in 
the second stage is exposed to directly incoming X-rays, which could result in the stray light at large off-axis 
angles. Inserting an extra blade in the pre-collimator and an extra reflector in the primary stage, blade #0 
and primary #0 in Fig. 6, eliminates the light path and effectively reduces the amount of the stray light. It 
also helps to reduce the possibility of the MMOD focusing. 


3. SXI PERFORMANCE VERIFICATION IN SUB-SYSTEM TESTS 


As of writing this paper, the SXI is installed into the spacecraft body and undergoes functional tests in a 
course of the spacecraft checkout. Before the installation, we successfully conducted a series of performance 
verification tests in sub-system level, including the thermal vacuum, vibration, and acoustic tests, as shown 
in Fig. 7. In the SXI thermal vacuum test held in October 2021, we verified X-ray imaging and spectroscopic 
performances in the full flight configuration for the first time. Since the SXI camera body is not vacuum-tight, 
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Figure 7. Photographs of the SXI thermal vacuum, vibration, and acoustic tests from left to right. These photographs 
are available at the XRISM social media sites. 


the thermal vacuum test, in which the whole camera body is put into a large vacuum chamber as shown in 
Fig. 7 left, was the only occasion for us to verify its performance in the full flight configuration. 
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Figure 8. (left) Count map of X-ray events taken in the thermal vacuum test in a look-down view. Green circles 
encompass irradiated regions from the **Fe calibration sources. Black boxes and a green box indicate imaging areas 
of the four CCDs and that of the X-ray micro-calorimeter, respectively. Dashed lines correspond to boundaries of the 
CCD segments. Names of the CCDs (1-4) and segments (AB or CD) are superimposed. (right) Spectrum of X-ray 
events taken in the thermal vacuum test. The spectrum is made using the data taken in the segment CCD2AB. The 
red curve is the best-fit single Gaussian to the Mn-Ka line. 


Fig. 8 shows a count map and spectrum of X-ray events from the °°Fe calibration source taken in the thermal 
vacuum test. From the count map, we confirmed that the count rate, irradiated location, and region size are as 
designed. The spectrum is made with events taken in the segment CCD2AB, and CTI corrections?*:** are not 
applied. The energy resolution of this spectrum is 177.5+0.6 eV in FWHM and as expected from on-ground 
calibrations held in advance, which is discussed in the next section. 


Fig. 9 shows the time history of energy resolutions measured in the four segments irradiated with X-rays 
from the calibration sources as well as that of temperatures of the chamber, camera body, video, driver boards, 
and CCD. The spectrum in Fig. 8 is an integrated one during the entire time period shown in Fig. 9. In this 
thermal vacuum test, the temperature of the camera body was forced to swing from the hottest case (+17 °C) 
to the coldest case (—20 °C) defined by the system, during which the SXI system successfully kept the CCD 
temperature constant at —120 °C. The temperatures of the video and driver boards are not under control 
in the SXI system. It was verified that the energy resolutions of the CCDs are stable within the statistical 
uncertainties and insensitive to external thermal environment variations. 
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Figure 9. Time histories of temperatures of the chamber, video board, driver board, and camera body (top), CCD tem- 
perature (middle), and energy resolutions measured in the segments of CCD1CD, CCD2AB, CCD3AB, and CCD4CD 
(bottom). 


4. SXI ON-GROUND CALIBRATION 


We conducted the SXI on-ground calibration in two stages. In the first stage, the flight CCDs were installed 
in a camera system built in our laboratory and their spectroscopic performances were measured with multi- 
color X-ray data. The details of the system and the multi-color X-ray generator were described in Ref.22. 
Fig. 10 shows X-ray spectra taken in this system. The point in the first stage is that the noise environment and 
overall gain in this system are different from those in the flight configuration even if the degree of the differences 
would not be significant. Thus, the calibration purpose in this stage is to derive calibration parameters that 
are basically independent from the differences, and the main focus is to measure the energy dependence of 
the line center, energy resolution, CTI, and so on, as shown in Fig. 11. In the second stage, the calibration 
was performed in the full flight configuration except for replacement of the camera bonnet in order to make 
it vacuum-tight. An °°Fe source was attached in the non-flight vacuum-tight bonnet and the entire areas of 
the four CCDs were irradiated with X-rays from the source. The point in the second stage is that the data is 
available only from the °°Fe source, not from multi-color X-ray sources. Thus, the calibration purpose in this 
stage is to drive absolute calibration parameters at the energies of Manganese lines. Combining the results 
from the first and second stage measurements, we fully obtain the calibration parameters. The reason why we 
took this two-stage way in our calibration is two-fold. One is from a safety reason. We avoided unexpected 
risk that would have damaged flight electronics by using the multi-color X-ray generator, which requires high 
voltage, onto the flight camera body. The other is from a scheduling point of view. In this way, the flight 
camera fabrication can be proceeded in parallel to the first stage of the calibration, which was quite beneficial 
in the SXI development this time. 


The on-ground calibration was performed with the CCD temperature of —110 °C, which is the initial 
operating temperature in orbit. On the other hand, the thermal vacuum test was performed with the CCD 
temperature of —120 °C in order to verify the cooling capability of the SXI system. 


Fig. 12 shows pulse heights of grade 0 events in an energy band which includes Mn-Ka and Mn-K@ lines as 
a function of row number, which is namely half of the number of transfer because of the on-chip binning, before 
and after the CTI correction. Spectra before and after the CTI corrections also shown. The data is taken in 
the second stage of the calibration. Parameters of the CTI correction are derived following Ref.24. Before the 
CTI correction, the pulse height generally decreases as a function of row number with periodic recovery at the 


Target: LiF 


Target: Al 


NW. ania corer 


Target: SiO, 


Counts 


RI: 55Fe 


RI: 241Am 


o 500 1000 


PHA (ch) 


1500 2000 2500 


Figure 10. Spectra taken in the on-ground calibration us- 
ing multi-color X-ray generator,” in which the secondary 
targets as well as radioisotopes can be changed without 
breaking vacuum. Top three and bottom two show spec- 
tra using the secondary targets and the radioisotopes in 
the figure, respectively. Background lines from the ma- 
terials contained in this system and pile-up lines are also 
seen. 
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Figure 11. Energy dependence of line center (top), en- 
ergy resolution (middle), and CTI (bottom). The values 
of the line center and energy resolution are derived from 
the single Gaussian fit to the spectra in Fig. 10. The CTI 
values in the bottom plot are specifically cop, described in 
Ref.24. The best-fit linear function and power function are 
superimposed in the top and bottom plot, respectively. 


160000 


140000 


120000 


100000 


80000 


counts 


60000 


40000 


20000 


0 
500 60) 950 


975 1000 1025 1050 


PHA(ch) 


1075 1100 1125 


30 
ACTY 


Figure 12. Pulse heights of grade 0 events in an energy band which includes Mn-Ka and Mn-K@ lines as a function 
of row number before (left) and after (middle) the CTI correction. (right) Spectrum before (black) and after (red) the 


CTI correction. 


charge injection (CI) rows, which are placed every 80 rows. This saw-tooth shape is the characteristics of the 
operation with the CI technique.” After the CTI correction, the saw-tooth shape disappears and the pulse 
height does not depend on the row number as is expected in the case without charge loss during transfer. It is 
also clear that the CTI correction makes the peak and width of the spectrum higher and narrower, respectively. 


Tab. 2 summarizes the energy resolution of the CTI-corrected spectra extracted from various regions. 
Each Mn-Ka line is fitted with a single Gaussian and the FWHM derived in the unit of eV are written. The 
“cal. source region” and “on-axis region” are indicated by the green circles and the green box in Fig. 8 left, 


Table 2. Summary of energy resolution measured with Mn-Ka lines in the unit of eV in FWHM 


segment entire region | cal. source region | on-axis region 
CCD1AB | 178.9+0.1 
CCDI1CD | 176.9+0.1 182.6+0.5 
CCD2AB | 163.4+0.1 163.8+0.4 
CCD2CD | 162.5+0.1 161.90.2 
CCD3AB | 166.0+0.1 168.1+0.3 
CCD8CD | 168.4+0.1 
CCD4AB | 164.5+0.1 
CCD4CD | 168.9+0.1 173.2+0.4 


respectively. The spectrum taken from the “entire region of the segment CCD2CD” is actually shown in 
Fig. 12. At a given segment, the energy resolution of the cal. source region is always worse compared to that 
of the entire region because the cal. source region is located at the farthest point from the read-out nodes. 
The energy resolution of the cal. source region in CCD2AB shown here (163.840.4 eV) is better than that 
in the thermal vacuum test (177.5-40.6 eV) in spite of the higher temperature in the on-ground calibration. 
This is simply because the improvement due to the CTI correction is more than the degradation due to the 
higher temperature, especially for the data taken at the farthest point from the read-out nodes. We note 
that the energy resolution of the cal. source region in CCD2AB was 178.2+0.4 eV before the CTI correction. 
Among the values in Tab. 2, the best one is obtained at the on-axis region, which is as we intended when we 
determined the position of the CCDs. The mission requirement in the value of the energy resolution at the 
beginning of life is 200 eV or less. All the values in Tab. 2 are well below 200 eV with sufficient margin and 
we confirmed that our flight CCDs satisfy the mission requirement. 


Figure 13. Count map of X-ray events taken in the second stage of the on-ground calibration in a look-down view. A 
non-flight mesh frame was placed just above the CCDs in this experiment. 


Fig. 13 shows a count map of X-ray events taken in the second stage of the on-ground calibration. In this 
setup, a non-flight mesh frame was placed just above the CCD. The mesh was removed when the vacuum- 
tight bonnet was replaced with the flight bonnet before the installation of the SXI to the spacecraft body. We 
determined the relative orientation of the CCDs aligning the shadows of the mesh bars. Gaps between active 
pixel regions are then obtained to be 45”—60”. 


5. SUMMARY 


We described the overview of Xtend, a soft X-ray imaging telescope onboard XRISM. We completed the fabri- 
cation of the flight model of both SXI and XMA. Regarding the SXI, a series of sub-system level performance 
verification tests was successfully conducted. On-ground calibration measurements were also performed and 
the spectroscopic performance of the SXI was confirmed to satisfy the mission requirement. Other calibration 
studies are ongoing. As of writing this paper, the SXI system is installed into the spacecraft body and the 
XMA awaits the installation. 
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